CLINICAL and radiologic evidence suggests that the volume of blood in the pulmonary vascular bed varies considerably under different circumstances, and the development of methods for measuring pulmonary blood volume in man in vivol' 2 makes it possible to examine these variations quantitatively. In an effort to identify the factors that determine the amount of blood in the pulmonary bed, and their role in rheumatic valvular disease and other abnormalities of the heart, we have measured the volume of blood between pulmonary artery and left atrium in 37 patients with cardiovascular disease and five hemodynamically normal subjects in the course of diagnostic catheterization of the right and left heart chambers. The effects of isoproterenol on pulmonary blood volume and hemodynamics have been studied in seven subjects to test the responsiveness of the pulmonary vascular bed as a whole to a drug that is thought to dilate the pulmonary arterioles.3
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Methods
Of the 42 patients studied, 14 were male and 28 female. Subjects with cardiovascular shunts or under 16 years of age were excluded. Ages ranged from 16 to 63 years, with an average of 41 years. Some data on 18 of the subjects with heart disease were included in an earlier report. 1 The patients were classified as to diagnosis on the basis of both clinical and hemodynamic criteria. Five subjects were considered to be hemodynamically normal because there was no ineasurable diastolic gradient across the mitral valve, pulmonary vascular resistance was less than 3.5 units (R.U.M.2), and no evidence of mitral regur-gitation, abnormality of other valves, or coronary artery disease was found. Three of these five subjects were judged to have functional murmurs; one had a grade 1 diastolic murmur suggesting aortic regurgitation but no other clinical or laboratory evidence of disease; one had undergone mitral valvotomy 6 years prior to this examination, with no residual hemodynamiic abnormality. These individuals are clearly not normal subjects, but are the most nearly normal available in a routine diagnostic laboratory.
Eighteen patients had uncomplicated mitral stenosis. The severity of the mitral obstruction was gaged by the mnitral valve area, calculated by the method of Gorlin and G-orlin,4 and by direct evaluation at the time of surgery when possible. Five of the 18 were considered to have minimal mitral stenosis (calculated diastolic area of the mitral orifice greater than 1.9 cm.2), and 13 had moderate to severe mitral stenosis (valve area less than 1.9 cm.2).
Combined insufficiency and stenosis of the mitral valve was present in eight cases, and pure mitral insufficiency in four cases. Mitral and aortic stenosis were both present in four cases, the aortic lesion being predominant in each patient. Three patients had arteriosclerotic heart disease and no valvular lesion. Each of these three had recently suffered from congestive heart failure, but all were compensated at the time of study.
The method used to measure pulmonary blood volume has been described previously.1 Consecutive injections of Cardiogreen* dye were made into pulmonary artery and left atrium, and dilution curves were recorded from a peripheral artery (brachial in 29 cases, femoral in 13) with a Gilford densitometer.t The difference in mean transit times of the two resulting curves was considered pulmonary niean transit time. Cardiac output was mneasured from the dilution curves, and the volume of blood between pulmonary artery and left atriunm (pulmonary blood volumee) was calculated by multiplying pulmionary mean transit time bv cardiac output.5 Some of the limita- been discussed elsewhere.' -The tiine of dye injection was indicated by a manually operated signal. Experiments with an automeatic, syringeactuated, injection signal adopted subsequently show that the delay in the imanual signal averages 0.4 second, but that the error in measurement of pulmonary mean transit time is smaller because the delay does not differ significantly for pulmonary arterial and left atrial injections. Comparison of the manual and automatic methods in 50 consecutive measurements in 10 dogs showed that the pulmonaryr mean transit tim:ie calculated frormi the manual signals averaged 0.02 seconid less than that ealeulated from the automatic signal (S.D. = +0.15 second, p > 0.4).
The reproducibility of measurements of pulrnonary blood volume with this technic can be estimated from the repeat variability of cardiac output and mean transit time measurements inl this laboratory. The standard deviation of the observed differences between duplicate measurements of cardiac output in 27 subjects was + 8.0 per cent of the mean output; duplicate determinations of mean transit timie in 28 other subjects showed a standard deviationl of + 3.2 per cenit. Compounding of errors6 when these two variables are multiplied would therefore give a standard deviation of + 10.9 per cent as an indication of the reproducibility of pulmonary blood volume measurements, provided that errors in the t-wo variables are independent. An almost identical value (standard deviation ± 10.1 per cent) was founid when comuplete duplicate determiinations of pulm1o0nary blood volum-le were comiipared in 30 anesthetized dogs.
As we have observed before,' the cairdiac output ealculated froimi the arterial curve after left atrial inijectioni tended to be slightly higher than that after pulmonary artery injection. The mean difference in the present series was on-ily 4.0 per cent, but was statistically significant (p < 0.025 In seven patients 10 or 20 ing. of isoprotereniol hydroehloride were administered sublingually after the coontrol study, and the m-neasurements were repeated after 20 to 30 minutes. One of these subjects had normal henmodynamics, three had moderate to severe mitral stenosis, one mitral insufficienev and stenosis, and two arteriosclerotic heart disease. With the exception of the norial subject, patieints with relatively high pulimonary vascular resistanee were selected for this procedure, because of our clinical interest in the effectiveness of this drug as a pulmonarv vasodilator.
Statistical signiificanlee was determiined by the 't" test and Snedecor's textbook9 provided the methods for calculation of multiple correlations.
Results
The pulmonary blood volume determinations in each subject are plotted in figure 1 , and the mean values for each diagnostic group appear in table 1.
Mean pulmonary blood volume in the hemodvnamicallv normal subjects was 230 ml. per MA.2 or 6.44 ml. per Kg. bodv weight, which was equiva]ent to 9 per eent of predieted'O total blood volume. The ratio of pulmonarv blood volume to mean pulmonarv intravascular pressure (Ppa -PIa/2)1 averaged 19 Mean pulmonary blood volumes in the group with minimal mitral stenosis and in the normal subjects did not differ significantly but were smaller than in the group with moderate to severe mitral stenosis (p < 0.025). Mean pulmonary artery pressure and left atrial pressure were significantly higher in the minimal mitral stenosis group than in the normal group, and still higher in the cases with moderate to severe mitral stenosis. Mean cardiac index and stroke volume index did not differ significantly in these three groups.
Sinee transmural pressure presumably influences vascular dimensions, and previous work suggests that pulmonary vascular resistance and stroke volume are related to pulmonary blood volume,1 the data on all 49 patients were analyzed for multiple correlation among four variables: pulmonary blood volume, left atrial mean pressure, pulmonary vascular resistance, and stroke volume. The results are listed in table 2, where the partial correlation coefficients (r) and their statistical significance are given for each pair of variables, independent of the others. There was a significant positive correlation between pulmonary blood volume and left atrial mean Circulation, Volume XXVII, January 1963 the signifieance of the differences: *p <0.05; pressure. Pulmonary blood volume was also positively correlated with stroke volume, and inversely correlated with pulmonary vascular resistance. Correlation between pulmonary blood volume and pulmonary artery mean pressure was not significant (r = +0.12). The relation between pulmonary blood volume and left atrial mean pressure in the normal subjects and the patients with mitral stenosis is shown in figure 2 . The most striking effect of isoproterenol was an increase in pulmonary blood volume, which Qccurred in each patient (table 3) C.
increments ranging from 21 to 133 ml. per M2 (9 to 46 per cent of the control value).
The smallest change in pulmonary blood volume was found in the nornmal subject, whereas the increase in each of the other patients was at least 27 per cent of the control value. The effects in the two patients with arteriosclerotic heart disease were similar to those in the four cases of mitral disease. Mean left atrial pressure decreased in each case. The slight fall in mean pulmonary artery pressure and the other changes summarized in table 3 were similar to those reported by other investigators.3 11, 12 Intrapleural pressure was not measured in these patients, but in anesthetized dogs we have found that it is not affected by isoproterenol.
Discussion
The mean pulmonary blood volume of 230 ml. per M.2 in our hemodynamically normal subjects agrees closely with the value of 246 ml. per M.2 found by Dock, Kraus, McGuire, Hyland, Haynes, and Dexter2 in a similar group, and our data confirm their conclusion that there is a direct correlation between left atrial pressure and pulmonary blood volume (table 2) . This result is not surprising, since the radius of a distensible tube depends on transmural pressure and the elastic properties of its wall, and these same factors would determine the volume of a vascular bed if changes in vessel length were negligible. Although the extravascular components of transmural pressure were not measured, it seems reasonable to assume that elevations of left atrial or pulmonary arterial pressure increase transmural pressure in at least part of the pulmonary vascular bed.
The rather wide scatter of values for pulmonary blood volume at any level of left atrial pressure ( fig. 2) suggests that differences in the elastic properties of the pulmonary vessels are superimposed on the pressurevolume correlation. This scatter is not random, for the patients with high pulmonarv vascular resistance tend to have relatively low volume/pressure ratios ( fig. 2 ). Narrowing of the arterioles alone could hardly ac-Circulation, Volume count for this tendency, since the observed differences in pulmonary blood volume are relatively large. When the " high " and " low' resistance groups in figure 2 striction found in some of these patients is not limited to the arterioles, but extends over a large part of the pulmonary vascular bed, whieh cannot at present be identified. Onie hypothesis consistent with this finding is that elevated pulmonarv vascular resistanice aiid relatively low pulmnonary blood volume are associated because both are manifestations of a widespread decrease in pulmonary vaseular disteensibilitv. An alternative possibilitv is that both reflect total elosure of vessels in sonie parts of the lung. These two hypotheses are not mutually exclusive, and both factorrs mav well be operative.
Cardiac Output and Pulmonary Blood Volume
There was a positive correlation betweeni pulnionarv blood volume and cardiac output in this series aiud in an earlier report,1 whiclh remains unexplained but appears to be independent of pressure oI distenlsibility. Sjostrand observed a similar relation, using different miethods,15 but Dock and his colleagues found no such correlation.2 TIn the present series the correlation betwveern stroke volume and pulmonarv blood volume was sinifieant (table 2), but that between heart rate and pulmonary blood volumne was Ilot, which argues that frequenyev-dependent vis-(ous-elastic factors are not concerined. In anv event, the pulnmonary blood volume differences between hemodvn arnieally normal subjects aiid patients witb mitral stenosis eanniot be attributed to the influence of carliac output or stroke vrolumie, sinee these facetors did miot differ significantly in these groups. The relatively low pulmonary blood volunmes ini the patients with pure mitral regurgitation and those wvith arteriosclerotic heart disease. however, mav be related to their lov stroke volume.
Isoproterenol
The effect of isoprotereinol on the so-called "central blood volume" has been studied by Weissler, Leonard, and WN'arren,11 who found ino change in normal subjects, and by Dodge, Lord, and Sandler,12 who found no consistent response in patients with congestive heart failure. Both these grouips mieasured a volume that included m-iuch nmore than just the pulinonary bed, however, since their injections were made imito a peripheral vein12 or the superior vena cava,t and their results ca-nnot properly lecoi'ompared with ours.
The niarked increase in pulmoniary blood volumiie observed in our subjects after the administratioii of isoprotereliol raises ques tionrs about the site and mechanism of this response. In view of the drop in ptulinoiiaryarterial and left atrial pressures it seemus unilikelv that the inierease in volume represents passive distention by inereased transmlural pressure in some part of the. vascular bed. This possibilitv cannot be ruled out. however, for a decrease in pulmlonarv arterial and left atrial pressures does not necessarilv nean that intravascular pressure has fallen in all parts of the bed. Theoretically. a decrease in arteriolar resistance (ould ehantge the ''pressure profile"' through the pulnmonary vascular tree in suchl. a way that pressure in the postarteriolar vessels would be higher than in the eoimtrol state, even thoughi pulmonary arterial and left atrial pressures were lower. This possibility is mnost readily appreciated by reference to a graph like that shown in figure 3 . Liiie "A' in figure 3 is an estimate of the mnean pressure gradients along the pul monary vessels during the conitrol studies oni the seven patients listed in table 3, based on the observed mean pressures i-i pulmnonary artery amid left atriumn and the assumption that resistancie is normal in all vascular seginlents except the arterioles. Values for normal segmental resistance were derived froin the anatomiiie measurements of Mileler13 and Schleier.m4 Their data indicate that 14 per eent of the total pulnmonary v-ascular resistanice resides in arteries of dianmeter greater thban 165 y. 26 per (cent in arterioles (diaioter 165 to 7 A. 53 per eent in capillaries. and 7 per cent in veins. These figures caan omily be regarded as approximnations, but more accurate mneasurements are n-ot available.
Line 'B " in fig(ure 3 is derived frozie the mean effects of isoproterenol observed in these patients (table 3) , oni the assumptioni of no ehange in the resistanee of anv segment ex-cept the arterioles. The pressure gradient in each of the nonarteriolar segments is increased slightly by virtue of the 13 per cent increase in cardiac output, but the resulting pressures in each segment are lower than in the controls. The "pressure profile" represented by line " C " in figure 3 was drawn to fit the hypothesis that isoproterenol decreases arteriolar resistance to such an extent that pressure rises in part of the postarteriolar bed. Such a rise in capillary and venular pressures would be compatible with a drop in left atrial pressure only if venous resistance increased; the venous pressure gradient of line " C " actually implies a 9-fold increase in venous resistance. Decreased intravascular pressure in the left atrium and larger veins would in itself tend to diminish the diameter of the veins and raise venous resistance to some extent, (not included in the calculations for figure 3 ), but this change would be of small magnitude in the present circumstances, since in vitro measurements in the perfused dog lung by Piiper16 show that the rise in pulmonary vascular resistance is about 5 per pent per mm. Hg decrease in left atrial pressure.
If we accept this line of reasoning, the increase in pulmonary blood volume with isoproterenol could not be a passive response unless the drug simultaneously dilated pulmonary arterioles and constricted pulmonary veins, leading to an increase in capillary pressure and volume. While this possibility cannot be ruled out with certainty, a much simpler explanation is that isoproterenol actively increases the distensibility of part of the pulmonary vascular bed. The magnitude of the increase in pulmonary blood volume, which averaged 35 per cent, suggests that dilatation is not limited to the arterioles, but whether arteries, veins, or both are concerned in this vasomotor response to isoproterenol remains to be determined.
The reduction of pulmonary vascular resistance by isoproterenol confirms other reports,'3 12 but the simultaneous lowering of left atrial pressure means that changes in pulmonary vascular resistance are not so great as Estimates of pressure gradients in the pulmonary vascular bed. Mean pressures in the pulmonary artery (PA) and left atrium (LA) for line "A" represent the mean control values before isoproterenol in the seven subjects described in table 3. The gradients of line "A" are based on the vascular measurements of Miller13 and Schleier14 and the assumption that resistance is normal in all vascular segments except the arterioles, arterioles being defined as precapillary vessels 165 y or less in diameter. Mean PA and LA pressures for lines "B" and "C" are the values after isoproterenol (table 3) . Gradients for line "B" were calculated on the assumption that resistance remains unchanged in all but the arteriolar segment. Gradients for line "C" were calculated on the assumption that arterial and capillary resistances remain unchanged, while arteriolar resistance decreased to such an extent that capillary pressure rose above the control level; these assumptions can only be satisfied by postulating as increase in venous resistance, as indicated by the marked increase in the venous pressure gradient.
might be inferred from changes in pulmonary arterial pressure and cardiac output alone. While this evidence that increased resistance and lessened distensibility of the pulmonary vascular bed can be altered pharmacologically is encouraging from a clinical point of view, the effects of isoproterenol may not be uniformly advantageous, since they include systemic vasodilatation and in some cases an increase in right ventricular work. Pulmonarv blood volume was llieasured iiJ five hemodynamically normal subjects and 37 patients with heart disease. Mean pulmonary blood volume in 25 of these patients with inoderate to severe nmitral stenosis. alone or eomplieated by other valvular lesionis, was 359 ml. per M.2 (SE +224 ml. per M.2). whieh was significantly higher than the average value of 230 nml. per (SE -±-14 nml. per M.2) in the five normnal subjects (p < 0.025).
Multiple correlation of pulmloniary blood voluiime with left atrial ineau pressure, pulmionarv vascular resistance, anid stroke volumiie showed that eaeh of these factors was significantly related to pulhnoinary blood volumne, iildependently of the others. Inc reased left atrial pressure or stroke volume was associated with relatively high, and inereased pulmonary vascular resistance with relativelv low pulmonary blood volume.
In seven subjects 10 to 20 mg. of isoproterenol administered sublingually led to a mnarked increase in pulmonary blood volume and a small decrease in pulnmonary vascular resistance. The average increase in pulmonary blood volumne was 78 ml. per M.2, or 35 per ceent of the control value (SE -13 ml. per MY), while the average drop in pulmonary vascular resistanee was 1.3 R.U.M.2 (SE = +0.5 R.U.M.2). Since the change in volume was too large to be accoulnted for by arteriolar dilatation alone, and there was a simultaneous decrease in pulmonary arterial and left atrial pressures, isoproterenol apparently increased the distensibility of a large but as yet unidentified segment of the pulmonary vascular bed.
